The morphological, thermal and non-isothermal crystallization behavior of poly(vinylidene fluoride) (PVDF) and its blends with poly(methyl methacrylate) (PMMA) processed in low (LSM) and high (HSM) shear mixers were studied by differential scanning calorimetry (DSC). The processing effect on the PVDF melt and crystallization kinetics was described and the effect of PMMA on the PVDF crystallization was also investigated. The addition of PMMA into PVDF increases of relative B phase content independent of the processing conditions. The validity of the modified Avrami and Kolmogorov-Johnson-Mehl-Avrami (KJMA) models for the non-isothermal crystallization of PVDF/PMMA blends are discussed. The KJMA method described accurately the non-isothermal crystallization behavior. The results showed a shift in the PVDF crystallization/fusion peak to lower temperatures. The activation energies for crystallization of PVDF and its blends evaluated through the isoconversional method using Friedman's approximation were higher for samples processed in the LSM. Differences in the activation energies were related to the ability of the molecular segments to crystallize when reaching the growing crystallization front, confirming that the mixing process has some effect on the interaction between the polymers. On the other hand, the isoconversional methods in combination with the KJMA equation provide better understanding of the kinetics of the crystallization process demonstrated by a strongly dependence of activation energy (Ea), relative crystalline fraction (XT), and global and local Avrami exponents (n and n (XT)).
Introduction
The crystallization kinetics in polymer blends of semicrystalline and amorphous polymers has been extensively studied [1] [2] [3] [4] [5] . Generally crystallization results from two successive events: the primary nucleation of a new phase from the melt polymer and then the three-dimensional growth [6] . The crystallization process involves two types of transport, namely, diffusion of the crystallizable component towards the crystal growth front and a simultaneous rejection of the amorphous component [2, 3] . The crystalline fraction is expected to decrease in blends of semicrystalline and amorphous polymers. The latter has a dramatic effect on the crystallization behavior of the semicrystalline component [5] .
The crystallization process can proceed under either isothermal or non-isothermal conditions. In current situations the external conditions change continuously, which makes the study of crystallization in a constantly changing environment of great scientific and technological interest [5] .
The processing conditions of semicrystalline/amorphous polymer blends strongly affect the crystallization phenomenon, modifying to a certain extent the mechanism of the crystalline component and its kinetics of crystallization [7] . The high temperature, presence of oxygen and use of the substantial mechanical forces, can causes chemical modifications of polymer chains [8] . The thermo-mechanical degradation induced by high shear forces can have enormous effect on the solid and liquid properties and their transformations.
Batch mixers (e.g. Brabenders, Haake Rheocord) are widely used in polymer research laboratories [8] . The polymer melt blends processed in these blenders are subjected to shear rates ranging from 10 to 200 s − 1 , which depend of the fluid characteristics and rotor geometry incorporation of the high polymer residues such as crosslinked EVA in LDPE matrix and resulting in a fine morphological dispersion of the residue [10, 11] . The efficiency of the mixture is based on the fusion of the polymers by friction originated through the high shear forces. In this work the morphological, thermal and non-isothermal crystallization behavior of poly(vinylidene fluoride) (PVDF)/poly(methyl methacrylate) (PMMA) blends processed using two different mixers (low and high shear mixer) was investigated.
Experimental

Materials and sample preparation
Poly(vinylidene fluoride) (PVDF) (Atofina, Kynar 740) with MFI (ASTM D 1238) of 6 g/10 min and atatic poly(methyl methacrylate) (PMMA) (Atofina, Plexiglas V052) with MFI (ASTM D 1238) of 2.85 g/10 min were kindly supplied by Autotravi Ind. Com. Plásticos Ltda. The blends of PVDF/PMMA were prepared with 20 and 40% (wt/wt.%) of PMMA. Both pure polymers and blends were processed in a Rheomix 600 Haake Rheocord 9000, a low shear mixer (LSM) with a mixing chamber of 69 cm 3 and roller blades, using rotor speed of 100 rpm for 20 min, at 190°C. The high shear mixer (HSM), used was a Drais type, at 5656 rpm. The temperature reached during processing was around 190°C, conditions in which PVDF is already in the molten state.
Fourier Transformed Infra-red Spectroscopy (FTIR)
Fourier Transformed Infra-red Spectroscopy (FTIR) was performed in a Perkin Elmer 1720X FTIR Spectrometer using Multiple Internal Reflection (MIR) mode. Thin films were prepared from the molten material taken from the mixers by compression molding (6 MPa). All samples were dried in a vacuum oven (85°C) for 24 h. The measurements were performed at a resolution of 4 cm −1 with 50 scans from 4000 to 500 cm −1 .
Calorimetric measurements
The samples (9-10 mg) were analyzed in a Shimadzu DSC-50 under nitrogen atmosphere (flow rate of 50 mL.min . The samples were heated to 220°C, at a heating rate of 40°C/min, and held there for 5 min, then cooled to room temperature at different constant cooling rates (2.5, 5, 10 and 20°C/min). The heat flow evolving during the crystallization was recorded as a function of time and temperature. The crystallization enthalpy (ΔH c ) of the crystallized fraction was calculated from the area of the DSC exothermal event. The fusion behavior of the samples was investigated using second heating cycle at 10°C/min. The degree of crystallinity (X c ) was determinate using the same procedures used by Martins and coworkers [12] .
Non-isothermal crystallization methods
Several analytical methods have been developed to describe the isothermal and non-isothermal crystallization kinetics of polymers: the Avrami method [13] [14] [15] , Ozawa method [16] and others [5, 17] .
These methods are based on isokinetic hypothesis, where the transformation mechanism is assumed to be the same throughout all temperature/time range and kinetics parameters are assumed to be constant. Isoconversional methods are generally used for non-isothermal analysis assuming that the crystallization rate at a constant extent of conversion is only a function of temperature. The kinetics parameters in isoconversional methods are considered dependent on the degree of phase change at a different temperature and time [18, 19] .
The relative crystallinity (X T ) for all samples processed by LSM and HSM as a function of temperature, determined by the non-isothermal crystallization curve, were calculated using the expression given in Eq. (1) [20] .
where dH c dT denotes the measured enthalpy of crystallization during an infinitesimal temperature interval dT. The limit T 0 denotes the initial crystallization temperature and T and T ∞ are the crystallization temperatures at time t and after overall crystallization process, respectively.The isothermal crystallization kinetics of polymers is commonly studied by the classical Avrami theory [13] [14] [15] , expressed by Eq. (2). However, this method has been applied in non-isothermal conditions [20, 21] .
where Z t denotes the growth rate constant; n is the global Avrami exponent which depends on the nucleation mechanism and shape of crystallites growth, t is the time taken during the crystallization process and X T is the relative crystallinity. As the Z t is dependent on the cooling rate, it is necessary to apply a correction to this parameter, resulting in a new constant Z c as proposed by Jeziorny [22] .
If the Avrami exponent in the non-isothermal crystallization is uniquely related to the nucleation rate and the crystallite growth morphology, it should assume integer values. However, it is frequently found by analysis of experimental data that the Avrami exponent is a non-integer number, because it is influenced by molecular weight and secondary crystallization [5] . Considering that there is a continuous change in medium viscosity and the constituents of the blends and inhomogeneity of the medium, it cannot be considered a single Avrami constant during the crystallization process.
The local activation energy ΔE aX T , which presents the activation energy at a stage when the crystallized volume fraction is X T , was applied to describe the variable activation energy which reflects the change of nucleation and growth behavior in the crystallization process in the present paper. Apparently, activation energy is closely related to the relative crystallinity degree [23] .
Considering the variation of the peak crystallization temperature with the cooling rate ϕ, several mathematical procedures have been proposed in literature [1] for the calculation of activation energy, ΔE a . Among them, the Kissinger's method [24] has been widely applied. However, the procedure in obtaining ΔE a has been formulated for heating experiments. Another limitation is that the method applies only to the processes whose kinetics can be adequately represented by a constant value of E a . However, the effective activation energy of the melt crystallization strongly varies with temperature [25] . Vyazovkin [26] has demonstrated that dropping the negative sign for ϕ is a mathematically invalid procedure that makes the Kissinger's method inapplicable to the processes that occur on cooling. The use of multiple heating rate methods, such as isoconversional methods is likely to be inapplicable to melt crystallization. This is because they require calculation of the logarithm of heating rate, which is negative for a cooling process and the use of the absolute value may invalidate the calculations. Therefore, the differential isoconversional method of Friedman [27] or the advanced integral isoconversional method of Vyazovkin [25] are the most appropriate; the former method was used in this work and the Friedman expression is given by Eq. (3) [27] .
where C is a constant related to f(X T ) and to the pre-exponential factor (A). dX T /dt is the instantaneous crystallization rate as function of time at a given relative crystallinity. By selecting appropriate degrees of crystallinity, the values of dX T /dt at a specific X T were correlated to the corresponding crystallization temperature at this X T , e.g., T (X T ),i . Plotting the left hand side of Eq. (3) with respect to 1/T (X T ),i a straight line is obtained with a slope equal to
An alternative way to calculate the local Avrami exponent is the use of Kolmogorov-Johnson-Mehl-Avrami (KJMA) method [23, 28] . Deriving the KJMA equation and using the X T dependent values of activation energy (E a ) it is possible to calculate the values of the local Avrami exponent according to Eq. (4).
The KJMA method is based on isokinetic approximation under isothermal conditions. The applicability of the KJMA equation in non-isothermal conditions can be checked by different tests suggested by Henderson [29] and Malek [30] . A simple and practical test was given by Malek [31] , where a function Z(X T )=(dX T /dT)T 2 is plotted as a function of the X T .
The maximum of the Z(X T ) function should be confined to the interval 0.3b X Tp b 0.7 in the case of the KJMA model.
Results and discussion
FTIR experiments can be used to investigate the microstructure of PVDF and the effect of PMMA content and type of the mixer used. . The occurrence of the β crystalline phase was proven through the presence of 510, 877, 1064 and 1182 cm −1 absorption peaks [12] . These results also confirmed the coexistence of both α and β phases in the pure PVDF and PVDF/PMMA blends processed in low and high shear mixers. The specific interaction between PVDF and PMMA favors the trans conformation of the PVDF [32] . Kim and coworkers [32] report that the β phase increases by addition of the PMMA into PVDF. However, this increase of the β phase occurs with addition of up to 20 wt.% of PMMA. Freire and coworkers showed the amorphization effect in PVDF by addition of 60 and 80 wt.% of PMMA through DMA analysis [33] . In this work the authors observed a single glass transition temperature (T g ) in samples processed in low and high shear mixers.
Leonard and coworkers [6] related that the PVDF affects the mobility of the methyl liked with methoxyl (O\CH 3 ) groups of the PMMA. These authors attributed the increase of the CH 3 mobility as noted by reduction of the absorption intensity in 1450 cm −1 in PMMA FTIR spectra.
The relative amount of the β phase, F (β), is estimated by applying the method developed by Osaki and Ishida [34] . The ratio of the amount of the β phase to the total amount of the α and β phases, can be determined by using the absorbance's peak at 510 cm −1 and 530 cm −1 through the equation:
The results summarized in Table 1 show the dependence of the β phase in the samples with higher PMMA content. The reduction in relative β phase content for samples processed in HSM mixer is caused by the thermo-mechanical degradation process during melt mixing. Fig. 2 shows the DSC curves for the second heating (10°C/min) of the PVDF/PMMA blends processed in a LSM (a) and HSM (b). The addition of the PMMA results causes a decrease in fusion temperature (T f ) for all blends independent of the mixer type used. The α and β phase crystals undergo a melting transition in the same temperature range [12] .
A summary of the thermal transitions observed and calculated from second cycle of the DSC measurements (Fig. 2) is given in Table 2 . The addition of an amorphous or a semi-crystalline polymer to another semi-crystalline polymer generally modifies the crystallinity of the latter, at least when their amorphous phases are miscible. The decrease in melting point of the PVDF resulting from incorporation of PMMA has been reported previously, and was attributed to the favorable interactions of semi-crystalline PVDF with amorphous PMMA [35] . It can be noted that the fusion temperature (T f ) of the samples reduces for samples processed in HSM mixer (Fig. 2(b) ). Both melting enthalpy and degree of crystallinity (X c ) decrease by PMMA addition into PVDF. The high shear forces promoted by the HSM mixer can contribute to chain scission and reduction of the organized PVDF regions. The addition of the higher PMMA contents (>40 wt.%) results in the disappearance of the crystalline fraction of PVDF [2] and formation of the polymer blend system with single glass transition temperature [33] .
The same trend was observed for the degree of crystallinity (X c ) in relation to the PMMA addition. The pure PVDF processed in LSM shows 
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.6% of the crystallinity, however the reduction of around~10% in the degree of crystallinity was noted in all samples processed in the HSM mixer when compared to samples with same PMMA contents. This reduction in the degree of crystallinity is caused by thermo-mechanical degradation processes induced by high shear forces. The high shear force causes chain scissions, and reductions of the molecular weight and the crystalline phase amount [8] .
The non-isothermal crystallization curves at various cooling rates as a function of temperature of the 80/20 PVDF/PMMA blends processed in LSM and HSM are shown in Fig. 3(a) and (b) , respectively. A dependence of the position and intensity of the exotherms on the cooling rate can be observed. As the cooling rates increase, the crystallization temperature range becomes broader and higher is the peak magnitude. As expected, the higher the cooling rates the lower the crystallization peak temperature. Since the crystallization process is time dependent, lower cooling rates give to the macromolecular chains enough time to change conformation. This fact results in a less energetic arrangement, and crystallites at higher temperature are formed. Table 3 shows data of non-isothermal crystallization peak temperature (T c ) and crystallization enthalpy (ΔH c ) obtained at different cooling rates. The data presented is for pure PVDF and PVDF/PMMA blends processed in LSM and HSM. There was a decrease of both T c and ΔH c when PVDF is mixed with PMMA irrespective of the blend processing type. According to previous studies on the crystallization of PVDF/ PMMA blends [36, 37] , the PMMA addition to PVDF also shifted the crystallization peak to lower temperatures.
The decrease of T c of the PVDF and blends with PMMA content, irrespective of the cooling rate used, can be attributed to intermolecular interactions between the carbonyl group of PMMA (\[CH 2 \C(CH 3 )(COOCH 3 )] n \) and the hydrogen of PVDF (\[CH 2-CF 2 ] n \) [6, 9, 33, 38, 39] . The preference to the intra or intermolecular interactions between hydrogen and fluorine of the PVDF disfavors the nucleus formation at higher temperature. The PMMA chains reduce the PVDF segments mobility because of these specific interactions when the temperature is close to the PMMA glass transition. Whereas this reduced mobility favors the nucleus formation and beta phase nucleation, it depresses drastically the crystallite growth around PMMA glass transition temperature. In PVDF/PMMA blends with lower PMMA content, the crystallization process is only slightly affected and the PVDF crystallization from the melt occurs. In this condition the nucleation of the alpha phase is more stable and favorable [6] . However, higher alpha phase content results in the probability of interactions between the PVDF segments which is more effective than the interactions with PMMA chains.
The observed decrease of T c for blends processed in the HSM mixer can be attributed to the high shear. The HSM processing probably caused defects in polymer microstructure because of chain scission, resulting in lower crystallization enthalpies. Botelho and co-workers [40] observed the formation of these defects in PVDF microstructure when studying the thermal-degradation in alpha and beta phases. The crystallization enthalpies are higher when low cooling rates are used, as expected. In semi-crystalline/amorphous polymer blends, enthalpies decrease due to specific phase interactions between them [5] . (Fig. 4(a) ) and high (HSM) (Fig. 4(b) ) shear mixers. All the curves presented a sigmoidal shape, indicating a fast primary process during the initial stages and a slower secondary process during the later stages of crystallization process [41] .
The strong dependence of the nucleation and growth processes on the cooling rate can be observed from the plots X T versus t (Fig. 4(a) and (b)). After these curves reach the maximum, a large fraction of crystallinity is developed by a slower secondary kinetics process. Lower cooling rates allow more molecular mobility and diffusivity; the melt viscosity is lower and less time is required for the crystallites formation [42] . The same behavior was observed by Chiu [3] in poly(vinylidene fluoride)/ poly(vinyl acetate) (PVDF/PVAc) blends. The increasing of PVAc content reduced of molecular mobility also causing an increasing of T g upon blending. 2)). The X T values as a function of crystallization time at various cooling rates (ϕ) (Fig. 4) were used. The Avrami plots at different cooling rates showed similar behavior in both types of processing. The secondary effects indicated by the non-linear region could have been caused by PMMA. Such effects interfered in the PVDF crystallization. Moreover, PMMA amorphous chains could be rejected in the growth crystallization front [43] .
Avrami analysis of non-isothermal crystallization
The Z t value in the Avrami expression has an overall nature because the macroscopic crystallization rate is generally determined by the rates of both process nucleation and crystallite growth. These processes are likely to have different activation energies. The temperature dependence of the overall rate constant can seldom be expressed by a single Arrhenius equation over a wide temperature range. Table 4 summarizes the values of modified global Avrami exponent n and Z c for non-isothermal crystallization at various cooling for all samples processed in LSM and HSM. The data clearly show that PMMA influenced the kinetic parameters n and Z c . Thus, the PVDF crystallization rate is reduced when blending with PMMA. This effect is caused by decreasing in the PVDF molecular mobility due to a stronger interaction with PMMA in the molten state [38] . For pure PVDF processed in LSM, n increased with the cooling rate; on the other hand n decreased for pure PVDF processed in HSM and for blends processed by both mixers. Z c increased with the cooling rate for pure PVDF and its blends with PMMA irrespective of the processing type. Although Z c increases with the cooling rate, there was a slight decrease of this parameter with PMMA content. This was caused probably by the difficulty of PVDF crystallization imposed by PMMA.
Regardless of the cooling rate, n values for pure PVDF processed in both mixers remained in the range 3.1-4.0. Fractional values have been explained by the crystallization dependence on the nucleation and growth mechanism [44] . According to Li and Kaito [45] , the decrease of n values from 2.9 for pure PVDF to 2.0 in PVDF/Polyamide 11 blend indicates that the nucleation mechanisms are different and it was attributed to the heterogeneous nucleation of PVDF on the interface with the Nylon 11.
The activation energies E a(X T ) versus X T calculated by Friedman's method (Eq. (3)), for the non-isothermal melt crystallization of all samples processed in LSM and HSM are showed in Fig. 6 .
The activation energies calculated from DSC curves at various cooling rates for the samples processed by LSM are higher than when processed by HSM, probably due to higher size of molecular segments in LSM that reach the growing crystallization front more slowly. The high shear in HSM caused major defects in polymers structure leading to low energy values.
A pronounced variation in E a(X T ) with X T indicates a more complex mechanism of crystallization process. The isoconversional method not only provides accurate values for activation energy but also expresses the complexity of the phase transformation mechanism. This analysis elucidates the dependence of activation energy on relative crystallinity degree [28] . The KJMA analysis was performed for this system. Initially, the validation of the model was checked by different tests suggested by Henderson [29] and Malek [30, 31] . Fig. 7(a) and (b) shows the test results for all cooling rates for PVDF/PMMA 80/20 blends processed in a both HSM and LSM mixers.
The present analysis showed that the maximum values (Z(X T )) for the plots lied between 0.40 and 0.46 for the LSM and between 0.35 and 0.45 for the HSM mixer. These results state that the KJMA model can be applied for the system.
The effect caused in the crystallization mechanism owing to an addition of amorphous polymer in a semi-crystalline matrix cannot be totally described using an isokinetic method. Thus the use of an isoconversional method allows the determination of local Avrami exponent. Through this approach effects like rejection of PMMA amorphous chains from crystalline front growth and increasing of system viscosity as a function of cooling rates can be better understood. Fig. 8 shows the results of the local Avrami exponent (n(X T )) as a function of X T for all cooling rates for PVDF/PMMA 80/20 blends processed in both mixers.
Irrespective of processing conditions the n values calculated in the KJMA method for all samples presented a similar behavior. The Avrami exponent n showed a strong dependence on X T for all cooling rates. The n(X T ) values for pure PVDF in LSM ranged from 2 to 15 whereas for HSM Fig. 6 . Plots E a(X T ) versus X T for all PVDF/PMMA blends, processed by low (LSM) and high (HSM) shear mixers.
they ranged from 2 to 17. The n(X T ) values for PVDF/PMMA 60/40 in LSM ranged from 2 to 18 and for HSM ranged from 2 to 20. Segregation of amorphous fraction is natural since the driving force of crystallization tends to separate the crystallizable component from the non-crystallizable one [46] . The amount of the excluded noncrystalline polymer should be changed with time during the spherulite growth due to the change in the concentration at the crystal growth front. During the crystallization process the change of the exclusion will cause the morphology change with the distance from the center of the spherulite [39] .
At low cooling rates the phase segregation is slow and the crystalline growth is more complex, resulting in higher n(X T ) values. When crystallization is conducted at higher cooling rates, the crystalline domains are lower, leading to lower n(X T ) values. The amorphous phase segregation did not totally occur. The exclusion of PMMA and the formation of the amorphous pockets at the crystal growth front induce changes in crystallization behavior. The growth rate decreases and the ordering in the spherulite decreases during crystalline phase growth [39] .
Theoretical calculations suggest that the phase transformations initiated by homogeneous transient nucleation and local Avrami exponents n(X T ) change with time/temperature [47] . The characteristic effect of transient nucleation is to increase the initial n(X T )value to >4. This is similar to the behavior in intermediate stages of the experimental local Avrami exponent versus phase change plots for crystallization kinetics of some metallic glass systems [28, 48] . The variation of the local Avrami exponent n(X T ) value versus X T for transformations was initiated by heterogeneous nucleation at fixed contact angle between polymer phases as shown in theoretical calculations [49] .
The understanding of the mechanism involved in the phase transformation during melt crystallization of PVDF and PVDF/PMMA blends is rather complex. This transformation presents a strong dependence on E a , X T and n. The approach used in this work can be useful for the study of crystallization phenomena in other polymeric systems.
Conclusions
PVDF/PMMA blends were prepared in low (LSM) and high (HSM) shear mixers and their morphology, thermal and crystallization kinetics behavior were investigated. Samples processed in a HSM show lower β phase values than samples processed in LSM. The fusion temperature (T f ), melting enthalpy (ΔH f ) and degree of crystallinity (X c ) decrease by PMMA addition into PVDF. The high shear forces promoted by HSM mixer can contribute to chain scission and reduction of the organized PVDF regions.
The non-isothermal crystallization kinetics for PVDF/PMMA blends prepared in mixers with different shears (LSM and LSM) was evaluated in this work by the Avrami method. It is worth nothing the strong dependence of the semicrystalline component on the amorphous fractions showed by the shift of crystallization peak to lower temperatures, irrespective of the mixer type.
The difference of the type of processing in the crystallization of the blends processed at low and high speeds was only detected at lower cooling rates and the crystallization temperatures shifts to lower temperatures for the samples processed by HSM. The KJMA method application demonstrates that phase transformation presents a strong dependence on E a , X T and n. The kinetics crystallization of polymer blends with semi-crystalline and amorphous polymers is a complex phenomenon. The local Avrami exponent derived using the isoconversional methods in the KJMA equation gives a better description of the crystallization because of changes occurring during phase segregation.
The processing type influenced the crystallization phenomenon, being more dramatic when the blends were processed at high shear (HSM). This is related to the formation of the defects in polymer structures induce by the high shear.
